Introduction
Cardiac implantable electronic devices (CIEDs), including permanent pacemakers (PMs), cardiac resynchronization therapy devices with defibrillators (CRT-Ds) or without (CRT-Ps), and implantable cardioverter defibrillators (ICDs), are implanted worldwide in increasing numbers.
1,2 Post-procedural complications are associated with increased patient morbidity, healthcare costs, and even mortality. 3 -6 Published data on these complications are based primarily on secondary analyses of strictly controlled randomized trials, 7, 8 observational single-centre studies, 9, 10 or registry-based studies. 6,11 -13 Unselected, real-life population-based complications data to evaluate the quality of routine CIED treatment and to identify high-risk patients are lacking. We aimed (i) to provide complete and validated data on complications within the first 6 months after a CIED procedure and (ii) to identify predictors for CIED complications in a nationwide cohort of consecutive CIED patients.
Methods

Study design and study population
A population-based cohort study was performed in all Danish patients who underwent a CIED procedure from May 2010 to April 2011. Eligible patients and their baseline characteristics were identified in the Danish Pacemaker and ICD Register (DPIR). Data on complications were gathered on review of all patient charts. Patients with epicardial systems were excluded.
Centre structure in Denmark
In Denmark, CIED implantation and follow-up are centralized to 14 centres covering a total population of 5.6 million. All transvenous procedures are performed by electrophysiologists or cardiologists, and epicardial procedures are performed by thoracic surgeons. All centres perform PM implants, with five university centres performing, in addition, ICD and CRT implants.
Data sources The Danish pacemaker and ICD register
The DPIR is a national clinical database into which implanting physicians have entered clinical and technical details of every CIED procedure performed since 1982, including implants, generator replacements, system upgrades/downgrades, and revisions.
Study outcome
Detailed information on complications after CIED procedures was collected by systematic review of all patient charts, also holding information regarding out-patient visits. The review was conducted by one investigator (REK).
Complications were categorized into major and minor complications according to severity. All re-interventions were categorized as major complications due to their inherently higher risk of infections. 14, 15 Major complications therefore included lead-related re-interventions, local infections requiring re-intervention, CIED-related systemic infections or endocarditis, pneumothorax requiring drainage, cardiac perforation, pocket revisions because of pain, generator-lead interface problems requiring re-intervention, haematomas requiring re-intervention, deep venous thrombosis, Twiddler's syndrome, wound revisions, stroke, myocardial infarctions, and procedure-related deaths. For patients who died before their first outpatient visit, cause of death was established by review of patient charts. Minor complications included haematomas resulting in a prolonged hospital stay, hospital re-admissions, or additional out-patient visits, wound infections treated with antibiotics, pneumothorax conservatively treated, and lead dislodgements without re-intervention. Centre volume was categorized according to procedure number during the study period: ,249 procedures (five non-university centres), 250-499 (four non-university centres), 500-749 (three university centres), and ≥750 (two university centres). CIED type was categorized as a single-chamber PM, dual-chamber PM, CRT-P, single-chamber ICD, dual-chamber ICD, and CRT-D. Procedure type consisted of three groups: first implant, generator replacement, and surgical change of pacing mode (system upgrade), or lead revision. Operator volume was defined as the average annual procedure number of each operator for the period ranging from one year prior to the beginning of the study to the end of the study and was divided into four groups: ,50 (low volume operators), 50-99, 100-149, and ≥150 (high volume operators). Procedure priority (elective, emergency daytime, and emergency out-of-hours) was recorded. Categorization of predictors was prespecified.
Statistical analysis
Differences between groups were evaluated with the x 2 test. Cumulative incidence proportions of complications six months after the procedure were estimated with 95% confidence intervals (CIs). Binary regression was used to estimate risk ratios (RRs) and 95% CIs for association between selected predictors and any complication, any major complication, or any minor complication. In adjusted analyses, we included a priori selected confounders (gender, age, BMI, centre volume, CIED type, procedure type, operator volume, and procedure priority). A sub-group analysis was performed using binary regression to estimate the RR for association between CIED type (PM/CRT-P vs. ICD/CRT-D) and right ventricular lead-related re-intervention. Additional binary regression analysis was performed with 6-month mortality as outcome. A P-value (two-sided) ,0.05 was considered statistically significant. STATA software (STATA IC for Windows, version 11.2) was used for statistical analyses. The Danish Data Protection Board and the DPIR steering committee approved the study.
Results
Study population
A total of 5942 patients underwent a CIED procedure during the study period. Patients with epicardial systems were excluded (n ¼ 24). The final study population consisted of 5918 consecutive patients.
Patient and procedural characteristics
The majority of patients underwent new CIED implants ( Table 1 , see Supplementary material online, Table S1 ). Median age at implantation was 74 years (interquartile range: 65-83).
In the two groups with centre volume ,500 procedures (nonuniversity centres), only PM procedures were performed. In the third group (500 -749 procedures), 53% of procedures were CRT-P, ICD, or CRT-D procedures, and in the highest volume centres (.750 procedures), 40% were CRT-P, ICD, or CRT-D procedures. During the study period, 68 physicians performed CIED procedures. Emergency procedures involved new implant of single or dual-chamber PMs.
Complication risk
A total of 9.5% of all patients experienced at least one complication ( Table 2) , while 33 patients (0.6%) had more than one. Lead-related re-intervention was the single most common complication (2.4%). System upgrades or lead revisions had higher overall complication risk primarily because of infection (P ¼ 0.001), and pocket revision due to pain (P , 0.001). The risk of infection was higher in generator replacement procedures compared with first implants (P ¼ 0.001).
Women had higher risk of pneumothorax (2.2 vs. 1.1%, P ¼ 0.02), and cardiac perforation (1.1 vs. 0.4%, P , 0.001). Risk of pneumothorax increased with decreasing BMI from 0.8% in overweight or obese, 2.3% in normal weight, to 5.5% in underweight patients
Complications after cardiac implantable electronic device implantations (P , 0.001). Furthermore, minor haematomas were more frequent in underweight than in normal weight patients (4.9 vs. 2.3%, P ¼ 0.001). Patients older than 80 years had lower risk of any lead-related re-intervention (1.0 vs. 3.1%, P ¼ 0.001) compared with patients who were 60-79 years of age. Centres with ,750
annual procedures had higher complication risks with no predisposition to any specific complication. In dual-chamber ICD and CRT-D procedures, higher complication risks were observed compared with dual-chamber PM procedures, primarily lead-related reinterventions (dual-chamber ICD: 3.6 vs. Continuous variables are reported as median with 25th and 75th percentiles. Categorical variables are reported as absolute frequencies and percentages. Data were incomplete for the following parameters: body mass index (n ¼ 5908), procedure priority (n ¼ 5828), and procedure duration (n ¼ 5828).
4.7 vs. 2.3%, P ¼ 0.001). Low volume operators (,50 annual procedures) had higher complication risks overall. Particularly, their risks of cardiac perforation (1.4 vs. 0.5%, P ¼ 0.04), infection (1.7 vs. 0.5%, P ¼ 0.02), and minor haematoma (4.3 vs. 1.9%, P ¼ 0.005) were higher compared with higher volume operators. Emergency, outof-hours procedures had higher risk of cardiac perforation (2.3 vs. 0.6%, P ¼ 0.003).
Large differences in risk of any complication were observed between device and procedure types (Figure 1) .
The risk of right ventricular lead complications resulting in re-intervention was 1.2% after PM and CRT-P procedures, and 2.4% after ICD and CRT-D procedures. The risk of atrial lead complications was 1.2% (PM/CRT-P), and 1.3% (ICD/CRT-D), and the risk of left ventricular lead complications was 2.9% (CRT-P), and 1.8% (CRT-D).
Predictors
In multivariate analyses, increased risk of any complication was seen if the patient was a female, underweight, implanted in a centre with an annual volume ,750 procedures, had a dual-chamber ICD or CRT-D implanted, underwent a system upgrade or lead revision, had an operator with an annual volume ,50 procedures, or underwent an emergency, out-of-hours procedure (Figure 2) . Decreased risk was present in patients older than 80 years, or receiving a generator replacement. These trends in predictor associations were also observed for the occurrence of any major or minor complication, although the strength of associations varied ( Table 3) .
The risk of re-intervention due to right ventricular lead complications was higher in ICD and CRT-D procedures (i.e. high-voltage leads) compared with pacing leads, aRR 3.2; 95% CI 1.7-5.8, P , 0.001.
Mortality
A total of 327 patients (5.5%) died within the first 6 months. One death was possibly procedure-related; a patient, who had severe chronic obstructive pulmonary disease, was discharged from hospital with an unrecognized minor pneumothorax, and died few days later because of an unknown cause. There was no indication that any other patients died from procedure-related complications. Ninety-day mortality was 3.2% (n ¼ 187). Thirty-day mortality was 1.4% (n ¼ 81). In-hospital mortality was 0.1% (n ¼ 7).
In multivariate analysis, a higher 6-month mortality was observed in patients older than 80 years (aRR 2.2), underweight (aRR 2.3), or receiving a single-chamber ventricular PM (aRR 2.4).
Discussion
The present study provides detailed and complete data on the risks and predictors of CIED complications in a nationwide cohort of consecutive CIED patients. Complications after cardiac implantable electronic device implantations
Complication risk
The almost 10% overall risk of any complication is higher than expected from previous studies, as is the 6% risk of major complications. Most studies report risks of 5-6% for any complication 7, 13, 17, 18 and 3 -4% for major complications after PM implantations. 9, 19 Complication risks after ICD and CRT-D procedures are reported to be between 3 and 8%, although comparisons are impeded by varying follow-up periods and definition of complications. 6,10 -12,20,21 More consistent with our findings, however, are reported in-hospital complication risks of 11-16% after ICD and CRT-D procedures, 3, 4, 22 from studies using administrative data from Medicare. Similarly, the FOLLOWPACE trial reported a complication risk of 12.4% within the first two months after PM implant. 23 We found higher risks of any complication (5.9%) after generator replacement compared with a report from the Ontario ICD database. 24 Similarly, we found higher or equal complication risks for system upgrades and lead revisions compared with those reported by the REPLACE Registry, which specifically studied complication risks of re-intervention procedures. 25 Taken together with these previous findings, our results confirm that any type of re-intervention carries higher complication risk compared with new CIED implants.
This emphasizes the importance of careful consideration of CIED prescription at new implant in order to avoid the need for future re-intervention. Our finding of higher overall complication risk can be attributed to the comprehensiveness of our study design, which consisted of a systematic review of all patient charts in a consecutive cohort. The majority of our knowledge on complications derives from randomized trials, which typically observe fewer complications than in a real-life setting due to strict patient selection criteria, and selection of more experienced operators. In recent years, large, registry-based studies on complications have emerged with more robust estimates of complications; however, data on complications are typically selfreported by CIED centres such that underreporting is likely to occur. Furthermore, many registries are restricted to in-hospital follow-up, leaving a large proportion of longer-term CIED complications unaccounted for. 6 
Predictors
In centres with an annual volume ,750 procedures, we demonstrated 50-100% higher risks of any complication after CIED procedures compared with the highest volume centres, in accord with previous studies. 20, 26, 27 A likely explanation is more experienced Figure 1 Risk of any complication according to procedure and CIED type (with 95% CI).
R.E. reports similar findings. 29 This can be attributed to the more complex structure, larger calibre, and increased rigidity of high-voltage leads, which in addition, require more stringent implant and follow-up lead parameters. This higher complication risk should be taken into account when planning the implantation of ICD and CRT-D systems. Women had a 30% higher risk of any complication, mainly due to pneumothorax, and cardiac perforation. This gender difference in CIED complication risk is consistent with other reports, 6, 11, 13, 21 and underlying explanations may include differences in body composition, and hormonal differences.
In contrast to previous reports, 5, 19, 30, 31 age .80 years was associated with a 20% reduction in complication risk, particularly fewer lead-related re-interventions were seen. The reason for this is unknown, although possibly related to a higher tendency to accept suboptimal lead function, a higher proportion of simpler CIED types, or less physical activity with lower strain on the CIED in this patient group. Reduced BMI was associated with increased risk of complications after CIED procedures; in particular, the risks of pneumothorax and haematoma were higher, consistent with findings from recent studies. 8, 23, 32 Haematomas may be more easily recognized in underweight patients, and a closer proximity of the pleural space to the venous access point in these patients may explain the higher risk of pneumothorax.
System upgrades and lead revisions increased the risk of complications by 30%, mainly because of elevated risk of infections, as reported previously. 14, 25 Generator replacements had lower risk of any complication, but were associated with increased infection risk as anticipated. 14, 15 Emergency, out-of-hours procedures were associated with increased complication risk, likely due to more urgent indications for CIED implantation (e.g. third degree atrioventricular block and haemodynamic instability).
Mortality
Mortality after CIED procedures is inconsistently reported and meaningful comparisons are difficult. It is, however, apparent that procedure-related mortality is low; 24 we observed only one potentially procedure-related death in our cohort. Previous studies reported allcause in-hospital mortality between 0.4 and 1.3%, 3, 11, 13 highest in PM populations 13 and in registry-based studies. 4, 5 We found a somewhat lower in-hospital mortality of 0.1%. Compared with results from the MOST trial, 7 our 30-day mortality rate was twice as high, likely reflecting the differences in prognosis between a consecutive cohort and patients qualifying for inclusion in a randomized trial. Al-Khatib et al. 4 reported a 90-day mortality higher than ours, most likely explained by their study cohort being older than 65 years. Patients older than 80 years, patients with single-chamber ventricular PM procedures, and underweight patients had higher 6-month mortality. This likely reflects that single-chamber ventricular PMs are often selected for patients with high burden of comorbidity.
We report acceptably low in-hospital, 30-day, 90-day, and 6-month all-cause mortality rates, not significantly related to centre or operator volumes.
Study limitations
Only complications documented in the patient charts were identified. However, in our opinion, this was the most accurate and comprehensive way of identifying complications.
Our complication risk figures are only applicable to healthcare systems where CIED procedures are performed by cardiologists and electrophysiologists working within a similar system to ours, and should be interpreted with care in countries where general internists and thoracic surgeons also perform these procedures. 28, 33 Our results may have been confounded by other factors that may affect complications, such as anti-thrombotic and antiplatelet treatment, and the use of steroids, for which data were not collected. Similarly, we were unable to account for procedures where lead extraction occurred concurrently with the CIED procedure being examined. These procedures will undoubtedly carry higher risks of complications. Because of the non-randomized nature of the study, the difference in complication risk between CIED types may in part be explained by residual confounding.
We did not study long-term complication risks. However, our aim was to investigate short-term complications after CIED procedures, and the large majority of these occur within a 6 month period. 23, 34 Nevertheless, prospective studies examining long-term outcome after CIED procedures and CIED complications are needed to further investigate the quality of CIED treatment. Longer follow-up is especially important for CIED-related infections.
Conclusions
Complications following CIED treatment are more frequent than generally acknowledged. Both patient-and procedure-related predictors may identify patients with particularly high risk of complications. This information should be taken into account in individual patient treatment, and when planning the implantation of more complex CIED types. In order to minimize later need for system upgrade, carefully considered CIED therapy prescription is essential. Low volume centres and operators had higher risk of complications, and minimum operator volume of 50 procedures per year seems advisable.
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